Powdery mildew, caused by the fungus Erysiphe (Uncinula) necator is a grapevine disease of nearly universal importance, often requiring 10 to 15 annual fungicide applications for its control. In the field, disease severity on fruit and leaves provided good sunlight exposure was typically two-and sevenfold lower, respectively, than on those in the shade. Controlled-environment studies showed that these responses are due primarily to the deleterious effects upon the pathogen of UV radiation and elevated tissue temperatures under high sunlight-exposed conditions. In vineyard experiments, increasing sunlight exposure via an open canopy training system and fruit zone leaf removal reduced cluster disease severity by 35% relative to the control treatment on unsprayed vines; when sprays were applied, deposits were tripled on those clusters most versus least exposed. Grape berries are highly susceptible to infection for 2 to 3 weeks following the start of bloom, but quickly develop age-related resistance thereafter; consequently, fungicides and leaf removal treatments designed to protect berries against disease are most effective when applied during this period. The superficial growth habit of E. necator makes it susceptible not only to UV radiation but also to topical applications of numerous relatively non-toxic materials, such as inorganic salts. By varying inoculation and application timings in the glasshouse, we determined that these materials exert their activities in a curative mode, with little or no residual, protective activity; subsequent field trials exploiting this knowledge showed that frequency of application, more than dosage, was key to their successful use. These examples illustrate how studies to illuminate pathogen biology, host-pathogen interactions, and fungicide activities can be utilized to better manage disease and limit the need for conventional pesticide use.
INTRODUCTION
The economics of producing high-value horticultural crops typically rewards-if not demands-intensive management of infectious diseases. Grapes (Vitis spp.), like most other fruit crops, are no exception to this general rule. Cultivars of the European grape species V. vinifera, which represent the vast majority of worldwide production of this crop, are particularly vulnerable to diseases of North American origin, having evolved in isolation from these pathogens to which they are almost universally susceptible (Gadoury et al., 2011) . Indeed, two such diseases, powdery mildew (Erysiphe necator) and downy mildew (Plasmopara viticola), threatened survival of large portions of the European grape industry upon their introduction to the continent in the 19 th Century, until chemical agents suitable for their control (sulfur and copper, respectively) were identified and deployed (Large, 1940) . To date, control of these diseases remains an integral component of viticulture worldwide, with growers often spraying fungicides against one or both of them 10 to 15 times per year in the many climatic regions that favor their development. Whereas market demands for high fruit quality and other economic incentives for excellent disease control seem to promote intensive fungicide use, these forces are counterbalanced by increasing public demands for limited (or absent) pesticide residues on fresh foods and processed products as well as the increasing costs to producers of purchasing and applying them. Thus, although it seems likely that grapes will continue to be treated with fungicides into the foreseeable future, it will clearly become increasingly necessary to limit this activity to as great an extent as possible. In this paper, I have focused on the most widely-treated grapevine disease in the world, powdery mildew, in an attempt to illustrate how research on disease biology and fungicide activities can be utilized within commercial production systems to improve disease management and thereby limit the need for conventional pesticide use.
DISEASE BIOLOGY
The biology of E. necator and interactions with its grapevine host have recently been reviewed by Gadoury et al. (2011) . Briefly, the fungus overwinters as vegetative mycelium within infected buds (Rumbolz and Gubler, 2004) and/or as sexual fruiting units, i.e., ascospores within cleistothecia (Pearson and Gadoury, 1987) . Following establishment of primary infections in the spring, either on shoots arising from infected buds or from new infections by overwintering ascospores (the latter being the only phase of the disease requiring rainfall), secondary spores (conidia) are produced upon diseased tissues and can cause an epidemic via a series of repeating infections throughout the remainder of the year, given susceptible green tissue and a suitable environment.
In contrast to most fungal diseases, free water (rain or heavy dew) is not a prerequisite for the spread of powdery mildew, i.e., infection by conidia. Thus, the primary determinant of epidemic progress appears to be temperature, with a new generation of fungal colonies produced every 11 days at 15°C, every 5 to 6 days at 23-30°C, but with no reproduction while temperatures remain above 32°C (Delp, 1954) . However, other environmental factors also are influential, e.g., disease severity and spore production doubles at a relative humidity of 80 versus 40% (Carroll and Wilcox, 2003) , and pathogen growth and disease development can be severely inhibited on tissues exposed to full sunlight relative to those in the shade (Willocquet, 1996; Austin, 2010; .
Decision-support Models
Because disease can potentially develop throughout the entire growing season, several models have been developed which attempt to utilize the above biological information to identify periods during which environmental conditions favor disease development and justify aggressive fungicidal intervention versus those during which development is slowed or halted, allowing diminution or suspension of fungicide programs. The most widely used has been that of Gubler et al. (1999) developed in California, which focuses primarily on the effect of temperature upon disease spread. It appears to have had its greatest impact in regions with relatively high summer temperatures (e.g., the American states of California and Washington, Spain), where growers have confidently minimized or withheld sprays during extended periods too hot for significant fungal development.
However, in cooler climates such as those of New York State, where high temperatures alone do not significantly limit epidemic progress, this model has not identified periods suitable for reduced fungicide use (Wilcox, unpublished) . In southwest Germany, with a climate more similar to that of New York, a spray-advisory program was developed (Kast, 1997) that also integrates relative humidity and previous winter temperatures (which impact inoculum survival) with current temperature data to identify the relative risk of infection and consequent need for sprays. Recently, Moyer et al. (2010) analyzed climatological and disease development data spanning a 25-year period in New York, concluding that the best predictor for epidemic progress was pan evaporation (the depth of water evaporated from an open surface per unit time), which integrates the effects of temperature, relative humidity, and solar radiation in addition to wind speed and is negatively correlated with disease severity. An initial investigation to use pan evaporation data to help inform fungicide spray decisions has been promising.
Ontogenic Resistance
Although all green tissues of the grapevine are susceptible to powdery mildew, infections of the berries are by far the most economically important, leading to cosmetic damage to table grapes, secondary infections by Botrytis cinerea and various winespoilage microorganisms (Gadoury et al., 2007) , and even complete destruction of the crop if left uncontrolled (Gadory et al., 2011) . Although it was long believed that berries retained susceptibility to infection until sometime near veraison, or approximately 2 months after bloom (Pearson, 1988) , Gadoury et al. (2003) showed that V. vinifera berries retained susceptibility to significant levels of infection only during the first 3 to 4 weeks following bloom.
These results suggested that fungicide sprays applied during the bloom and early post-bloom periods are responsible for most control of berry infections, as illustrated by the results of , who obtained comparable control of cluster disease with azoxystrobin applied either twice, immediately before the start of bloom and 2 weeks later, or six times, beginning 2 weeks prebloom and continuing until 8 weeks post-bloom. (Substantially better control of foliar disease with the latter program indicated that environmental conditions remained favorable for infection well into the post-bloom period). It is now a standard recommendation in the eastern United States to focus powdery mildew sprays during this critical period for berry infection (Wilcox and Wolf, 2008) , allowing growers to restrict use of their most effective fungicides, which typically are the most expensive and resistance-prone as well, to the period of greatest benefit. For example, Wilcox and Riegel (2007) showed that this concept could be utilized to integrate "soft" pesticides or biological control products into a program in a manner that limits the use of conventional fungicides while maximizing their impact on disease control.
A similar approach was taken in an attempt to minimize fungicide applications for control of another grape disease important in humid climates, black rot, caused by Guignardia bidwellii. Traditional recommendations (Ramsdell and Mulholland, 1988) were to apply sprays for its control beginning once shoots were 10-16 cm long and continuing until berries attained 5°Brix (approximately mid-May through mid-August in New York). However, by experimentally determining that berries lost susceptibility earlier than thought (Hoffman et al., 2003) , and showing that primary inoculum production during the fruiting season could be severely limited by a standard sanitation procedure (removal of mummified fruit from the canopy during dormant pruning operations), we were able to obtain virtually complete control of black rot by restricting fungicide sprays to the 4-week period of maximum fruit susceptibility (Hoffman et al., 2004) .
CROP MANAGEMENT

Canopy Management
Among several unique features of powdery mildew fungi is their growth habit upon their parasitized host. Unlike most plant pathogenic fungi, whose vegetative mycelium ramifies throughout the infected host tissue from which it feeds, the "body" (thallus) of E. necator grows almost entirely upon the surface of the infected tissues, penetrating only occasionally through the epidermal cell wall to form complex feeding structures (haustoria) in association with the external surface of the invaginated plant cell membrane. This feature, coupled with the lack of fungal cell pigmentation, makes E. necator colonies particularly susceptible to the damaging ultraviolet (UV) rays of the sun, as first documented by Willocquet et al. (1996) and more recently described in detail by Austin (2010) and . With controlled-environment experiments in this latter study, we found that UV-B radiation (290-320 nm wavelengths) reduced germination of E. necator conidia and inhibited initial colony establishment, expansion, and maturity (i.e., increased the latent period or generation time). These effects were significantly greater at 30°C than at 20 or 25°C, e.g., 6-hr exposures to a typical summer level of UV-B for 4 consecutive days after inoculation increased the latent period to approximately 7 days versus 5 without UV-B at the two lower temperatures, but at 30°C latent period was increased to approximately 15 days with UV-B exposure versus 7 days without (Austin, 2010) .
In vineyard trials, foliar disease severity was typically several times higher on shaded leaves than on those in full sun. For example, in one set of experiments, inoculated leaves on vines covered with one or two layers of neutral density shade cloth (thus, receiving approximately 40 and 20% of ambient solar radiation, respectively, as measured with a pyranometer) had essentially double and triple the level of disease severity as on adjacent fully-exposed vines (Fig. 1) . Surface temperatures of leaves in full sunlight averaged 5 to 8°C higher than for those in natural shade, likely elevating the fungal environment into a supraoptimal or inhibitory temperature range on many days and exacerbating the deleterious effects of UV-B. Cluster disease severities increased by 40% to severalfold when UV radiation was filtered from sunlight reaching vines in artificial shading experiments, and in one experiment, filtering all solar radiation, including the longer wavelengths responsible for heating irradiated tissues, increased disease more than filtering UV alone (Fig. 2) .
The above results suggest that canopy management techniques designed to facilitate sunlight penetration into the fruiting zone, an objective often recommended to improve grape berry quality (Reynolds and Vanden Heuvel, 2009 ), might also be utilized to reduce powdery mildew development. This hypothesis was tested by in a young Chardonnay vineyard near Geneva, New York, by comparing two training systems, Vertical Shoot Positioning (VSP) and Umbrella-Kniffen (UK), and were inoculated with 10 5 E. necator conidia per ml and vines were (i) covered with a double layer of neutral density shade cloth, blocking both UV and longer sunlight wavelengths responsible for heating irradiated tissues; (ii) maintained beneath acrylic plastic suspended above the canopy, which filtered UV radiation but allowed passage of longer sunlight wavelengths; or (iii) left uncovered, receiving full sunlight exposure. Values represent the mean disease ratings from 20 clusters per treatment (10 clusters per vine × 2 vines per treatment). Data of Austin and Wilcox (unpublished) . removing basal leaves around clusters to provide different levels of light exposure within the fruiting zone. The UK system provided more shoots per linear unit of row than VSP, hence more potential for canopy shading in the fruit zone. Within each training system, we inoculated clusters with E. necator conidia at bloom and removed basal leaves either 2 weeks post-bloom (fruit set) or 5 weeks post-bloom. Both factors affected powdery mildew severity. In the first of a 2-year experiment, disease severity was lower in the VSP than in the UK training system, regardless of leaf pulling treatment (Fig. 3) . Furthermore, leaf removal at fruit set significantly reduced the amount of disease in both training systems, whereas leaf removal 5 weeks after bloom had no effect. Simply by utilizing a VSP training system and basal leaf removal at fruit set, we were able to reduce fruit disease severity by 35% relative to UK-trained vines with no leaf removal (Fig. 3) . In the second season, training system had no effect on disease development, whereas early leaf pulling had an even more pronounced effect than in the prior year and late leaf pulling again had no effect . The benefits of the early (versus late) leaf removal are likely due to the ontogenic resistance phenomenon discussed above, i.e., significant damage results from infections relatively soon after bloom, therefore, this is when control practices must be implemented to have their greatest effect.
Irrigation
Irrigation is a standard viticultural practice in many regions, particularly arid and semi-arid climates, and 'deficit irrigation' techniques have gained some popularity in an attempt to simultaneously improve water use efficiency while improving grape and wine quality (McCarthy, 1997) . Notably with respect to potential effects on powdery mildew development, water stresses such as those that might result from this practice have been associated with increased grapevine leaf temperature (Möller et al., 2006) , resulting from reduced transpiration and evaporative cooling of stressed vines. Indeed, Loveys (2005) demonstrated that differential canopy surface temperatures can develop on Shiraz vines Fig. 3 . Powdery mildew severity on 'Chardonnay' clusters within two training systems, Umbrella-Kniffen and Vertical Shoot Positioning (VSP). Within each system, basal leaves were removed around fruit either 2 weeks post-bloom (Early), 5 weeks postbloom (Late), or not at all (None). Clusters were inoculated with powdery mildew spores at 75% capfall to ensure high disease pressure, and were assessed on a 0-100 scale to determine the percentage of fruit tissue visibly diseased. Data from .
under variable irrigation regimes in Australia, with those vines that received more water remaining relatively cooler.
To investigate the possible effects of irrigation regime on powdery mildew development, established an experiment in a block of unsprayed V. vinifera 'Chardonnay' vines in the Barossa Valley of South Australia, in which two irrigation treatments were imposed: (i) a standard reduced deficit irrigation (RDI) regime, provided through a single dripper line that supplied water to all vines; or (ii) twice that water volume, provided through the common dripper line plus an identical second line with emitters supplementing only those vines. In the first season of the trial, disease severity on the doubly-irrigated vines was twice that found on their standard RDI counterparts, and it was almost sevenfold greater the second season. Although we were unable to associate these differences with measurable differences in leaf temperatures or water potentials, this may have been a result of the times of day that such measurements were made . Regardless of the mechanism responsible, the reduction in disease severity associated with the RDI regime was consistent and significant.
FUNGICIDE CHARACTERISTICS
Given that grapevines are intensively sprayed with fungicides, one might suppose that the efficiency of their use could be increased (hence, the frequency and volume of their use decreased) by better understanding their so-called physical modes of action, i.e., activity with respect to their temporal and/or physical placement relative to the time and/or site of fungal infection. Studies on the physical mode of action of the inorganic salt, monopotassium phosphate (dihydrogen potassium phosphate, KH 2 PO 4 ), support this concept.
Glasshouse experiments were conducted to determine whether this compound, which in the United States is registered for control of grapevine powdery mildew and is also used as a foliar fertilizer, has protective and/or curative/eradicative activity against E. necator. By spraying leaves of 'Chardonnay' grape cuttings with either a 1% salt solution or water at various times before or after inoculation with conidia of the pathogen, Carroll and Wilcox (2001) found that KH 2 PO 4 provided no protective activity against E. necator when applied before inoculation. In contrast, post-inoculation curative/eradicative activity was significant, e.g., when applied 3 days after inoculation, the salt solution provided 99 and 76% control of disease severity in two different trials. Recognizing the lack of residual activity following application, field trials were established in which the efficacy of a 0.5% solution applied weekly throughout the season was compared with that of fortnightly applications of a 1% solution. As predicted by results from the glasshouse trials, the same seasonal quantity of compound was far more effective when applied at the lower dose at weekly rather than fortnightly intervals (thereby providing twice as many curative/eradicative events), i.e., 65 versus 25% control in one season and 70 versus 39% control in the next (Wilcox and Riegel, 2001 ).
Grove and colleagues in the Pacific Northwest of the United States have developed an effective and elegant program for minimizing sprays against powdery mildew, based upon knowledge of both the biology of the disease in their region and the physical mode of action of a registered, relatively non-toxic petroleum oil product (Grove et al., 2005) . In the primary viticultural regions of the state of Washington, E. necator overwinters exclusively as cleistothecia (Grove, 2004) ; thus, spring rainfall is required for the initiation of primary infections. However, rainfall in this desert region is erratic, and may not occur (and/or subsequent environmental conditions may not be suitable for establishment of infections) until many weeks after vine growth begins in the spring. Thus, a program was designed and tested in which sprays were withheld until scouting revealed the first observable mildew colonies following the first rainfall; then, a petroleum-derived spray oil, which has been shown to have eradicative activity against established powdery mildew colonies, was applied. This program was validated in commercial vineyards and effectively controlled the disease while reducing both conventional fungicide use and the costs associated with it (Grove et al., 2005) .
CONCLUSIONS
Absent breakthroughs in breeding for disease resistance and the debatable public acceptance of the techniques most likely to be effective for doing so, it seems likely that fungicides will be critical tools for managing grapevine diseases into the foreseeable future. Nevertheless, their use can be limited through the thoughtful design of relevant research projects and the application of these results. Within this context, understanding the applied biology of individual pathogens and their interactions with their grapevine host is critical. Particularly in an era of climate change, a thorough understanding of the influence of various environmental factors (e.g., temperature, wetness duration, atmospheric humidity, UV radiation, etc.) will allow advisors and managers to adapt to unfamiliar conditions as they arise, as well as to implement horticultural practices to make the microclimate surrounding their crops less conducive to disease development. Similarly, a thorough understanding of host crop susceptibility to individual diseases, both in terms of inherent genetic susceptibility and the dynamic changes in susceptibility associated with various stages of crop development (e.g., the onset of ontogenic resistance), will facilitate both the imposition of fungicide treatments when most necessary and the avoidance or reduction thereof at stages where that might be appropriate.
In order to best limit fungicide use, it is also necessary to understand and recognize the effects of production practices on disease development. Although most producers and advisors have at least an empirical understanding of these phenomena, this is a focus that arguably is waning among the agricultural research community as individual disciplines become more specialized and focused on "micro" rather than "macro" approaches within themselves. It is a trend that should be monitored closely and corrected as necessary to assure the stated goal.
Finally, it is almost inconceivable, considering the volume of fungicides applied and the costs associated with them, that so many practical questions concerning their activities and most-efficient use patterns are simply not known. Within the publiclyfunded research community, vast sums of money have been spent over the past several decades in efforts to avoid conventional pesticides and/or develop alternatives to them (e.g., biological control). Although the promotion of the general concept of Integrated Pest Management and individual programs in that realm have been spectacularly successful, most efforts to develop fungicide alternatives have had minimal impact upon the vast majority of production agriculture. Because public monies are seldom appropriated for research on the activities of the conventional products that producers actually use, much public-sector fungicide "research" is confined to simple efficacy trials, which are immensely valuable but limited in scope. Thus, most investment in pesticide research is conducted by industry whose rightful goal is to increase profitability, which may or may not be consistent with broader societal goals and the free sharing of knowledge that might help further them. Nevertheless, as illustrated by the two simple examples presented above, understanding fungicide activities allows one to use them most efficiently, which is essential to limiting their use.
In this paper I have focused on the disease, grapevine powdery mildew, as a specific "model" target of pesticide applications, with the intention of supporting a general thesis regarding the opportunity to reduce their use on horticultural crops through specific areas of adaptive research. Although each host-pesticide target system is unique, the principles discussed are widely applicable to many crop and pest management systems.
